Introduction {#sec1}
============

Molecular switches are instrumental in creating functional materials, through enabling reversible changes in macroscopic properties with external stimuli such as irradiation,^[@ref1]^ heat,^[@ref2],[@ref3]^ electricity,^[@ref4]^ and pH.^[@ref5]^ Of the wide range of stimuli-responsive compounds, photochromic dithienylethenes,^[@ref6]^ azobenzenes,^[@ref7],[@ref8]^ and spiropyrans^[@ref9],[@ref10]^ in many different forms are the most prominent members. The synthetic flexibility and diversity of these photochromic building blocks have enabled fine-tuning of their (photo)physical properties, tailoring the properties of smart materials. The rational integration of molecular switches and devices benefits greatly when the effect of changes in the molecular structure on their photochemistry is predictable.

The spiropyran photochromes are particularly attractive due to their synthetic and functional flexibility^[@ref9]−[@ref14]^ and are key components in multicomponent systems.^[@ref15]−[@ref19]^ They enable control of material properties^[@ref9],[@ref19]^ due to the large change in molecular structure and properties (dipole moment, charge) upon switching between their spiropyran and merocyanine forms ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) induced by a wide range of stimuli, e.g., light, heat, pH changes, etc.^[@ref10]^ Furthermore, the "merocyanine form" is itself a family of distinct structures, each with their own properties and reactivity ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Photochemical Conversion of the Ring-Closed Spiropyran to the Ring-Open Merocyanine Form Is Thermally Reversible\
Protonation of either form inhibits ring-closing, and reversible *Z*/*E*-isomerization is observed instead. In the nonprotonated form, *TTC*-merocyanine is generally most stable due to H-bonding;^[@ref20]−[@ref22]^ however, this interaction is lost upon protonation and the *TTT* form becomes energetically most favored.^[@ref23]^ The "C" and "T" in the three-letter abbreviations indicate *cis*(oid) or *trans*(oid) configuration about the α, β, and γ positions, with *Z-* (i.e., C) and *E*-isomers (i.e., T) indicating configuration at the β-position.](jp0c02286_0006){#sch1}

The photochemical ring opening of the spiro unit generates a merocyanine form either as a *Z*- (i.e., *CCC*, *CCT*, *TCC*, and *TCT*) or an *E*-isomer (i.e., *TTT*, *TTC*, *CTT*, and *CTC*). The deprotonated *Z*-isomer is formed only transiently due to the large driving force for ring-closing and is observed only at low temperature^[@ref24]^ or by transient spectroscopy.^[@ref9],[@ref25]−[@ref28]^ For the *E*-isomer, several transoid merocyanine conformational isomers are possible with respect to the configuration about the α, β, and γ bonds (gray box in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) in the pyran alkene bridge. The *TTC* form is generally regarded as the most thermodynamically stable of the *E*-isomers,^[@ref29]^ usually followed closely by the *TTT* form. The stability of the *TTC*-isomer is ascribed to H-bonding of the phenolate with the C3′--H hydrogen ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref20]−[@ref22]^ However, other isomers have been observed by transient spectroscopy, including those of the nonsubstituted monospiropyran (**1**, [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) studied here.^[@ref30]^ Protonation stabilizes both the *Z*- and *E*-merocyanine isomers of **1**, which interconvert reversibly upon irradiation at 365 and 455 nm, respectively.^[@ref23]^ Calculations indicate that the protonated *E*-isomer adopts the *TTT*-conformation preferentially, which is consistent with the absence of stabilization by C3′--H/phenolate H-bonding ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref20]−[@ref22]^

![Spiropyrans **1**, **2**, and **3**\
The coupling of spiropyran photochromes via the pyran unit forms a biphenol central motif.](jp0c02286_0007){#sch2}

Isomerization dynamics following excitation of the *transoid* merocyanines have been well studied in particular for those with electron-withdrawing substituents at both the 6- and 8-position (ortho and para to the phenol unit), e.g., 6,8-dinitrobenzoindolinospiropyran and 6-nitro-8-bromobenzoindolinospiropyran, as the merocyanine form can thus be tuned to be thermally preferred in polar solvents.^[@ref21],[@ref22],[@ref31]−[@ref33]^ The *TTC* form is the dominant species in thermal equilibrium with minor amounts of the *TTT* form present. Although 6-nitrobenzoindolinospiropyrans are stable only in the ring-closed spiro form, the formation of the *TTC*- as well as the *TTT*-isomer upon photoexcitation was inferred from their distinct emission spectra upon excitation at \>610 nm, and the *TTT*-isomer was confirmed as a transient form by femtosecond transient absorption spectroscopy.^[@ref34]^ Notably, while some reports propose *TTC* to *TTT* and *TTT* to *TTC* interconversion upon excitation of the substituted merocyanines as a minor photochemical pathway, Brixner and co-workers later reported that photochemical switching was essentially one way, i.e., the *TTC* to *TTT* photoconversion is photochemically irreversible.^[@ref35]^ It should be noted that the assignments of structure (*TTC*, *TTT*, etc.) in the ultrafast studies rely heavily on theoretical studies. However, this uncertainty does not affect the broader conclusions reached, in that the observation of these species on the ground-state surface coupled to theoretical studies is certainly useful in building a more solid basis for interpretation, especially in more complex multicomponent structures.

Although understanding simple representative compounds such as **1** is an essential first step in understanding more complex molecular systems, multicomponent molecular-based systems such as the double spiropyrans **2** and **3** (in which the two spiropyran (**1**) units are coupled directly through their pyran moiety to form a biphenyl bridge, [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) can present unexpected complexity in their operation. The functionality of each unit in multicomponent systems^[@ref14],[@ref19],[@ref36]−[@ref41]^ can be affected negatively by crosstalk (interference) between the units or can cause the emergence of new and unexpected functionalities.^[@ref36],[@ref41]^

In the present report, we show how these more complex systems provide detailed insight into the fundamental photo- and thermochemistry of spiropyrans. We show that the biphenol moiety in **2** and **3** provides sufficient interaction between the spiropyran units to enable the generation of *E*,*E*-isomers only through a series of noncommuting pH-jumping and photochemical operations as follows ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). At room temperature, the photochemically generated spiropyran-merocyanine (SP-\[*E*-MC\]) isomers of **2** and **3** exhibit rapid thermal reversion to their bispiropyran (biSP) form. In contrast, the addition of strong acid (CF~3~SO~3~H) generates the thermally stable protonated *Z*,*Z*-bimerocyanine isomer (*Z*,*Z*-biMCH~2~^2+^), which undergoes one-way conversion to the stable protonated *Z*,*E*-isomer (*Z*,*E*-biMCH~2~^2+^) and then *E*,*E*-isomer (*E*,*E*-biMCH~2~^2+^) photochemically as well as thermally (indicating that the *E*-forms are thermodynamically more stable).

![Noncommutative Operations Leading to the Formation of *E*,*E*-Isomer through pH-Gating (Light-Blue Arrows)](jp0c02286_0008){#sch3}

The photochemical and thermal irreversibility of the *Z*/*E*-isomerization in the protonated forms is in contrast to **1**, in which *Z/E*-isomerization is reversible under protonating conditions.^[@ref23]^ Unexpectedly, deprotonation of the *E*,*E*-biMCH~2~^2+^ form provides transient access to the deprotonated *E*,*E*-merocyanine isomer also, rather than essentially exclusive formation of the singly opened SP-\[*E*-MC\]-form (Spiropyran-merocyanine) that is obtained by direct irradiation of bispiropyran at low temperatures.^[@ref20]^ The noncommutative behavior demonstrates that the interaction between units in the double spiropyrans depends critically on the protonation state. The characterization of the *Z*,*E-* and *E*,*E*-merocyanine isomers by steady-state spectroscopies provides the essential insight necessary for tuning the thermal and excited state dynamics of spiropyrans.

Experimental Section {#sec2}
====================

Synthetic Procedures and Materials {#sec2.1}
----------------------------------

**2** and **3** were prepared in the present study by aryl homo-coupling with a palladium/indium bimetallic catalyst as described by Chang et al.^[@ref42]^ followed by double Fischer base condensation to the respective indolines ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)), and characterization was consistent with earlier reports.^[@ref42]−[@ref46]^ All chemicals for the synthesis of **2** and **3** were purchased from Aldrich or TCI and were used without further purification. High-performance liquid chromatography (HPLC) grade acetonitrile was used without additional purification for spectroscopic measurements.

![Synthesis of Bispiropyrans **2** and **3**](jp0c02286_0009){#sch4}

Methods {#sec2.2}
-------

^1^H, ^13^C attached proton test (APT) and distortionless enhancement by polarization transfer (DEPT), heteronuclear single quantum coherence (HSQC), and heteronuclear multiple bond correlation nuclear magnetic resonance (HMBC NMR) spectra were obtained on a Bruker 600 spectrometer. In situ photochemical switching was followed by NMR spectroscopy (Bruker 500 spectrometer) with the irradiation by fiber-coupled diodes (vide infra) with ca. 3 cm of the end of the fiber declad and abraded to allow for emission along the length of the sample. Chemical shifts (δ) are reported in parts per million with respect to tetramethylsilane and referenced to residual solvent (CHD~2~CN) signals, and coupling constants in Hertz. Multiplicities are denoted as: s = singlet, d = doublet, t = triplet, br = broad singlet, m = multiplet. Fourier transform infrared (FTIR) spectra were recorded on a PerkinElmer Spectrum400 FTIR spectrometer. Electrospray ionization-mass spectrometry (ESI-MS) was recorded on an LTQ Orbtitrap XL spectrometer. UV--vis absorption spectra were recorded on an Analytik Jena Specord600 spectrometer. Irradiation at 300 (370 μW), 365 (4.1 mW), 455 (3.2 W), 490 (2.3 mW), 565 (2.0 mW), and 660 nm (14.5 mW) was provided by diodes (M300F2, M365F1, M455L3-C5, M490F1, M565F1, and M660F1, respectively, from Thorlabs). UV--vis absorption spectra were recorded at −30 °C using a Quantum Northwest temperature-controlled cuvette holder. Absolute quantum yields were determined as described earlier,^[@ref23]^ using the ferrioxalate-based actinometric method described by Hatchard and Parker.^[@ref47]^ Emission spectra at −30 °C were obtained by excitation with the aforementioned laser diodes, with a 500 nm short-pass filter in front of the M490F1 LED light source specifically in the case of the fluorescence of *E*-biMCH~2~^2+^. Room temperature emission spectra were obtained by excitation at 490 nm (LED M490F1, Thorlabs) at 90° to the collection axis with emitted light collected by a pair of 25 mm diameter planoconvex lenses (*f* = 7.5 cm) and fed via a long-pass filter into a Shamrock500i spectrograph onto a iDus-420-BU CCD detector.

Density Functional Theory (DFT) Calculations {#sec2.3}
--------------------------------------------

All our theoretical calculations have been performed with the Gaussian16.A03 code,^[@ref48]^ using default approaches, algorithms, and thresholds, except when noted below. We have followed a computational protocol similar to the one proposed by Bieske^[@ref49]^ and applied in our previous work as well.^[@ref23]^ We performed DFT geometry optimization and vibrational frequency calculations with the PW6B95D3 functional combined with the def2-TZVP atomic basis sets. We accounted for solvent effects systematically using the polarizable continuum model. For determining various transition states, we followed exactly the same protocol as in our previous work;^[@ref23]^ that is, we computed the Hessian at each step, starting from structures build by linking two "mono minima/TS" taken from ref ([@ref23]) as a starting point. Note that, as previously, the BS-DFT wavefunction collapsed into the restricted solution and the latter approach is applied here. TD-DFT calculations were performed with the CAM-B3LYP functional^[@ref50]^ and *aug*-cc-pVDZ, using the vertical approximation.

Results and Discussion {#sec3}
======================

The presence of the chloro-substituent in **3** facilitated studies by ^1^H NMR spectroscopy (vide infra). Details and characterization by ESI-QMS, one-dimensional (1D) and two-dimensional (2D) ^1^H NMR, UV--vis absorption, and FTIR spectroscopy ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)) can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf).

Photochromism of Bispiropyrans {#sec3.1}
------------------------------

The UV--vis absorption spectra of bispiropyrans **2** and **3** show absorption in the UV region, typical of spiropyrans. Irradiation with UV light at room temperature results in only a minor transient increase in visible absorption ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)), consistent with a low thermal barrier to a reversion of the merocyanine forms to the original spiropyran form ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}); the calculated barriers for thermal interconversion between the SP, the thermodynamically unstable *CCC*, *TTT*, and *TTC* forms are at most 20 kcal mol^--1^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). The *TTC* form is calculated to be only marginally less stable than the *TTT* form, indicating that both species should be present.

![(Top) UV--vis absorption spectroscopy of **2** (88 μM in acetonitrile) during 300 nm irradiation at −30 °C, inducing ring opening of the colorless biSP form (black line) to the colored SP-\[*E*-MC\] form (gray line). (Bottom) DFT relative energies relative to biSP and barriers (kcal mol^--1^) for thermal isomerization of one spiropyran unit of **2** at room temperature. Transition state structures are shown above arrows. The *CTC* and *CTT* isomers were not located^[@ref23]^ as stable structures in the monomeric species and were not further investigated. The barriers for the conversion of the second SP unit can be found in [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf).](jp0c02286_0001){#fig1}

At −30 °C, photoinduced ring opening proceeds for both **2** and **3** ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)), with absorption maxima at 395 and 619 nm and shoulders at 408 and 660 nm. An additional weak band at ca. 750 nm also appears, which is ascribed to a second species ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf), vide infra). The visible absorption is shifted bathochromically compared to monospiropyran **1** (λ~max~ 385 and 582 nm with a shoulder at 398 nm), and, notably, the molar absorptivity (if full conversion is assumed) is ca. 6000 M^--1^ cm^--1^, indicating that the photostationary state reached is low. However, the photochemical quantum yields in both cases, 6%, are similar to those of the indolinobenzospiropyrans (i.e., **1**, ca. 7%),^[@ref23]^ and, as with **1**,^[@ref51]^ visible light does not induce photoreversion. Hence, the low molar absorptivity cannot be due to reaching a photostationary state in which there is a mixture of SP-SP, *E*-MC-SP, and *E*,*E*-biMC but instead reflects the switching of only one of the two spiropyran units (vide infra).

Acidochromism of Bispiropyrans {#sec3.2}
------------------------------

The acidochromism of spiropyrans is well known,^[@ref9],[@ref52]−[@ref62]^ and recently we reported that strong acids (i.e., those with a p*K*~a~ lower than that of the *E*- and *Z*- merocyanine forms) induce spontaneous ring opening of spiropyrans to their *Z*-merocyanine form.^[@ref23]^ Irradiation with UV light induces *Z*- to *E*-isomerization of the protonated merocyanine. For monospiropyrans, such as **1**, *Z*- to *E*-isomerization is reversed upon irradiation with visible light.

For the double bispiropyrans **2** and **3**, addition of stoichiometric CF~3~SO~3~H induces spontaneous ring opening to the protonated *Z*-bimerocyanine form manifested by an increase in absorbance at 341 nm ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and a complete change in the ^1^H NMR spectra (vide infra, [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). Stepwise addition of substoichiometric amounts of acid results in a steady and stepwise change in absorbance without evidence for intermediate species even at −30 °C ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). By contrast, the stepwise addition of CF~3~SO~3~H reveals intermediate protonated species by ^1^H NMR spectroscopy ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). These data indicate that a thermally stable intermediate can be formed upon partial protonation, most probably the singly protonated \[*Z*-MCH^+^\]\[SP\] species, with several signals of the remaining spiropyran unit shifting by a few fractions of a ppm as a result. Furthermore, the chemical shifts of the protonated \[*Z*-MCH^+^\] unit of the mixed \[*Z*-MCH^+^\]\[SP\] species are substantially different from those of the fully open *Z*,*Z*-biMCH~2~^2+^ forms, indicating that the rate of ring opening and closing between the \[*Z*-MCH^+^\] and SP states is longer than the NMR timescale, (ca. 10 ms) and therefore controlled by the rate of proton transfer.

![(Top) UV--vis absorption spectrum of **3** (26 μM in acetonitrile) upon addition of 2.5 equiv CF~3~SO~3~H to form the *Z*,*Z*-biMCH~2~^2+^ form and (inset) subsequent irradiation at 365 nm to form the *E*,*E*-biMCH~2~^2+^ form (note that with weaker acids, such as CF~3~CO~2~H, the extent of ring opening is limited, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). (Bottom) Molar absorption coefficients of the ring-closed biSP and protonated open forms.](jp0c02286_0002){#fig2}

![(Top) UV--vis absorption spectra of **2** (2.0 μM in acetonitrile) at −30 °C, before (black line) and after protonation with 6 equiv of CF~3~SO~3~H and subsequent irradiation at 365 nm (blue line), followed by deprotonation with excess (75 equiv) of NaOAc in 9:1 acetonitrile/water (green line). (bottom) Decay of the bimerocyanine and spiropyran-merocyanine isomers generated by deprotonation at −30 °C (at 50 s intervals).](jp0c02286_0003){#fig3}

Subsequent deprotonation recovers the UV--vis absorption and ^1^H NMR spectra of the spiropyran form ([Figures S3 and S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). These data further indicate that the communication between the spiropyran units is limited and protonation of both moieties proceeds statistically. Indeed, the calculated stabilities of the various species (spiro and protonated merocyanine) support this analysis ([Scheme S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)).

pH-Gated Photochromism of Bispiropyrans {#sec3.3}
---------------------------------------

Irradiation of the protonated *Z*-bimerocyanines at 365 nm results in the appearance of absorption bands at 385 and 450 nm with an isosbestic point maintained at 350 nm, suggesting *Z*/*E*-isomerization proceeds without significant steady-state concentrations of intermediates ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). However, ^1^H NMR spectroscopy (vide infra) shows clearly that the isomerization indeed proceeds in a stepwise manner at each of the merocyanine units, with the formation of a \[*Z*-MCH^+^\]--\[*E*-MCH^+^\] species. The UV--vis absorption bands are red-shifted compared to the single band at 420 nm observed for the corresponding monospiropyran **1**;^[@ref23]^ however, this may reflect inductive effects rather than stabilization of the lowest unoccupied molecular orbital (LUMO) by forming a cyanine structure. The photochemical quantum yield of 91% is similar to that (92%) of **1**.^[@ref23]^

An intermediate species was observed by ^1^H NMR spectroscopy upon in situ irradiation at 365 nm of protonated **2** (*Z*,*Z*-biMCH~2~^2+^ form) ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)), supporting the conclusion that there are several accessible isomers in the protonated merocyanine form. Eventually, the energetically most favored state dominates, which is assigned to a mixture of the *TTC* and *TTT* isomers in rapid equilibrium in accordance with the low barrier to isomerization (theory indicates a ca. 0.1 ms, which is faster than the NMR timescale). The additional intermediate signals observed are most likely due to differences between the mixed Z/E intermediates and the fully switched *E,E*-biMCH~2~^2+^ form.

In contrast to monospiropyrans, the protonated *Z*- and *E*-isomers do not show appreciable thermally induced interconversion at room temperature, nor does irradiation at 455 nm induce reversion of the *E*-form to the *Z-*form. This behavior is consistent with the calculated relative stability of the *E*-forms and the large barrier to *E*--*Z* isomerization (\>30 kcal mol^--1^, [Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}).

![Intermediate Protonation State of Bispiropyrans Observed by ^1^H NMR Spectroscopy](jp0c02286_0010){#sch5}

In summary, protonation results in the formation of a thermally stable open isomer *Z,Z*-biMCH~2~^2+^ at room temperature and the thermally stable isomer *E*,*E*-biMCH~2~^2+^ is formed irreversibly upon irradiation with UV light ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)).

Deprotonation of the *E*,*E*-biMCH~2~^2+^ form of **2** or **3** with Et~3~N or sodium acetate recovers the merocyanine state ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)).^[@ref23]^ However, in contrast to the visible absorption spectrum obtained by irradiation of **2** or **3** at −30 °C (vide supra, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), generation of the deprotonated merocyanine form by addition of base to *E,E*-biMCH~2~^2+^ results in an additional absorption band at 734 nm ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)), which is assigned to the *E,E*-biMC isomer (vide infra). Assignment of the 734 nm band to aggregation, observed for spiropyrans earlier,^[@ref9],[@ref63]^ can be excluded as the shape of the absorption spectrum is independent of concentration ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)), even as low as 3 μM. Stepwise addition of base results in an increase in near-IR absorption bands with a slight delay, indicating that the *E,E*-biMC isomer is less acidic than the SP-\[*E*-MC\] isomer ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)).

The assignment of the species absorbing at 730 nm to the TTC form of *E,E*-biMC and not the formation of other isomers is supported by DFT calculations. TD-CAM-B3LYP calculations yield vertical absorptions at 528 and 551 nm for the *TTC* and *TTT* forms, respectively. The fact that the values are hypsochromically shifted, compared to the measured spectra, is due to the use of the vertical approximation. The absorption of the *TTT* form is red-shifted compared to the *TTC* form, which is consistent with that proposed for monomerocyanines from transient absorption studies.^[@ref29],[@ref31],[@ref32],[@ref35],[@ref64]^ These data are consistent, in terms of order, with the small differences in ground-state energies but not with the magnitude of the experimentally obtained shift in absorption maximum. Both of the merocyanine isomers obtained following deprotonation of *E,E*-biMCH~2~^2+^ are relatively stable at −30 °C, although the absorption band in the NIR (734 nm) decays more rapidly than the absorption band at 620 nm upon heating ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), which is consistent with the lower thermal barrier for *E,E*-biMC to *E-*MC-SP than from *E-*MC-SP to SP-SP. The spectra obtained upon full deprotonation, i.e., containing both bimerocyanine and spiropyran-merocyanine isomers, are unaffected by further irradiation at 365, 565, or 660 nm, which is in line with the lack of photoreactivity in merocyanines that do not bear electron-withdrawing substituents. Notably, photochemical *TTC*--*TTT* interconversion in dinitro-substituted monospiropyrans was observed as only a negligible pathway in ultrafast spectroscopy also,^[@ref65],[@ref66]^ with only efficient unidirectional *TTC* to *TTT* isomerization observed.^[@ref34],[@ref35]^

![(Top) UV--vis absorption spectrum of *E*,*E*-biMCH~2~^2+^ (blue line) generated by irradiation of **3** (5.7 μM, at −30 °C) in acetonitrile with 5 equiv CF~3~SO~3~H (green line) after addition of 100 equiv NaOAc (19 μL of a 60 mM 9:1 acetonitrile/water solution). The SP-\[*E-*MC\] absorption obtained by irradiation (dotted gray line) at −30 °C in the absence of acid is scaled for comparison. (Bottom) The absorption spectrum of the new species with λ~max~ at 734 nm obtained by subtraction of the scaled spectrum of SP-\[*E*-MC\] (gray dotted line) from the absorption of the mixture of both species (green dotted line). The appearance of the absorption band is not oxygen dependent ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)).](jp0c02286_0004){#fig4}

Neither the closed bispiropyran form (λ~exc~ 300 nm) nor the *Z,Z*-biMCH~2~^2+^ form (λ~exc~ 365 or 420 nm) show fluorescence, which is consistent with rapid excited state quenching due to the isomerization channels available.^[@ref26],[@ref67]^ Similarly although they do not show photoactivity, the nonprotonated *E*,*E*-biMC forms (λ~abs~ 619 or 734 nm) do not show fluorescence either (at λ~exc~ 565, 660 or 691 nm) at −30 °C, indicating that the lack of photochemical switching is likely due to a rapid nonreactive decay channel from the excited state, i.e., an easily accessible conical intersection.

Although the protonated monomerocyanines show photoinduced *E*/*Z* isomerization and do not show significant fluorescence either,^[@ref23]^ the thermodynamically stable protonated bimerocyanines (*E*-biMCH~2~^2+^ forms of **2** and **3**) show fluorescence ([Figures S10 and S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). This contrast between the mono- and bispiropyran underlines the ability of the bimerocyanine units to communicate electronically to the extent that new functionality emerges.

pH-Gated ^1^H NMR Spectroscopy of Bispiropyrans {#sec3.4}
-----------------------------------------------

As with indolinobenzospiropyrans,^[@ref23]^ the stability of the accessible protonated bimerocyanine forms allows for their observation by ^1^H NMR spectroscopy. For **2**, the chemical shifts and changes in coupling constants for the alkene bridge and alkyl methyl substituents are essentially identical to those of the thermally most stable *Z*- and *E*-forms of indolinobenzospiropyrans (**1**, see the Supporting Information, [Figures S13--S17](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). In contrast to indolinobenzospiropyrans, which undergo *E*- to *Z*-photoreversion to reach a PSS~365 nm~, the irreversibility of the isomerization in the protonated *E*- and *Z*- bimerocyanines allows for characterization by ^1^H NMR spectroscopy at room temperature ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)), in addition to observation of intermediate species.

Upon subsequent ex situ addition of base to the *E,E*-biMCH~2~^2+^ form at −30 °C ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)), several species can be observed, among which is the semideprotonated and closed form, i.e., \[SP\]-\[*E*-MCH^+^\], and the SP-\[*E*-MC\] form (scaled subtraction at [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). The residual *E,E*-biMCH~2~^2+^ form and the generated bispiropyran form are also present but do not hinder the assignment to the asymmetric species ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). These ^1^H NMR spectroscopic data indicate that although for these steady-state conditions UV--vis absorption spectroscopic data does not allow for all mixed isomers to be discriminated, it is clear that the interaction between the units is sufficiently strong to have a substantial effect on the ^1^H NMR spectra of each of the individual species ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}).

![Dual Photo- and pH-Switching of **2** and **3** with a Fast Thermal Reversion of the Unprotonated Bimerocyanines, but Full Thermal Stability at Room Temperature in the Protonated States in Addition to Unidirectional Photoisomerization\
See caption of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} for more details. NTS means that no transition state could be located, i.e., that the process of opening the SP is (nearly) barrierless.](jp0c02286_0011){#sch6}

Noncommutable Multimode Switching Pathways {#sec3.5}
------------------------------------------

The stability of the various isomers indicates that several merocyanine forms should be observed in solution upon switching from the bispiropyran form, thermally, photochemically, and with acid. Compounds **2** and **3** show noncommutable behavior in switching, i.e., differences in the order of pH and photochemical switching steps lead to different outcomes ([Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"}).

![Noncommutation in the Photo/Acido/Thermal Switching of **2** and **3**](jp0c02286_0012){#sch7}

The formation of the species responsible for the absorption bands at 620 and 734 nm from a common (protonated) *E*-isomer can be excluded. The noncommutability is demonstrated as follows. Irradiation of **2** at −30 °C to its PSS~300 nm~ results in the appearance of the absorption band at 620 nm only ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Addition of acid yields *Z*,*E*-biMCH~2~^2+^. After standing in the dark for 30 min at −30 °C, subsequent deprotonation also recovers the absorption at 620 nm only ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). In contrast, irradiation of *Z*,*E*-biMCH~2~^2+^ at 365 nm (to form *E*,*E*-biMCH~2~^2+^) followed by deprotonation yields the same mixed spectrum upon deprotonation as obtained by irradiation of Z,*Z*-biMCH~2~^2+^ at 365 nm.

Thermal Access to the *E,E*-biMC Isomer {#sec3.6}
---------------------------------------

The NIR absorption band of the *E*,*E*-biMC isomer (at 734 nm) cannot be accessed directly through irradiation of the bispiropyran form at any temperature in the absence of acid ([Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)). It can only be formed by the pH-gated pathway described above ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)) or by protonation of the *E*-MC-SP intermediate followed by irradiation and deprotonation ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}). Furthermore, the absorption spectrum generated by protonation of *Z,E*-biMC at −30 °C (PSS~300~, [Figure S20](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf)) is identical to an approximately 1:1 mixture of *Z*,*Z*-biMCH~2~^2+^ and the spectrum generated by irradiation of the *Z*,*Z*-biMCH~2~^2+^ form at room temperature in the presence of acid. Hence, the absorption spectra of the protonated *Z*,*E*- and *E*,*E*-forms of biMCH~2~^2+^ are not distinguishable except by intensity. Notably, if irradiation at 365 nm is limited to below full conversion, then much less of the species absorbing at 734 nm is observed.

At 60 °C, the absorbance at 450 nm increases over time without irradiation indicative of thermal *Z*/*E* isomerization from *Z*,*Z*-biMCH~2~^2+^ to a mixture of *Z*,*E*-biMCH~2~^2+^ and *E*,*E*-biMCH~2~^2+^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, top). Subsequent deprotonation results in the appearance of the absorption band at 734 nm, confirming that the protonated *E,E*-isomer can be accessed thermally also (32 kcal mol^--1^), and from it the deprotonated *E,E*-isomer ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, middle).

![UV--vis absorption spectrum of (top) **2** (18 μM) in acetonitrile before (black dashed line) and after (dark yellow line) placing a 400 nm long-pass filter at the spectrometer light source. 6 equiv CF~3~SO~3~H was added (red line) and the solution was left in the dark for 47 h at 60 °C, generating SP-\[*E*-MC\] and *E,E*-biMCH~2~^2+^ thermally (blue line). (Middle) Subsequent addition of excess 100 equiv NaOAc in 9:1 acetonitrile/water at 5 °C shows that the NIR-absorbing species had been produced thermally (2 s intervals). The rate of decay (bottom) is consistent with the calculated barriers.](jp0c02286_0005){#fig5}

Summary {#sec3.7}
-------

The tethering of two spiropyran units via their pyran moiety does not appear to affect significantly photochemical switching from the spiro to the merocyanine forms at low temperature, nor does it affect the protonation-induced ring opening of the spiro unit in comparison with the monospiropyran analogues. However, in contrast to monospiropyrans, protonation yields three thermally stable isomers (*Z*,*Z*-, *Z,E*-, and *E,E*-) of merocyanine, with the protonated *Z*-bimerocyanine generated initially and the protonated *E*-form formed only after UV irradiation or at elevated temperatures. Furthermore, the photochemically generated protonated *E,E*-isomer of the double spiropyran does not undergo photoreversion to the *Z*-form and is fluorescent. Deprotonation of either *Z*,*Z*-, *Z,E*-, or *E,E*-isomer results in thermal reversion to recover the bispiropyran form.

The deprotonation yields an isomer (vide supra, [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}) that shows a red-shifted absorption maximum (at 734 nm) consistent with the doubly switched form. The spectral differences between the merocyanine isomers are most probably due to a change in conformation rather than bonding as indicated by the similarities in the coupling constants and chemical shifts in their ^1^H NMR spectra compared to their monomerocyanine analogue. Additionally, their thermal stability allows for in situ ^1^H NMR spectroscopic studies, which indicate the presence of intermediate species in several forms. Whereas at room temperature both the *Z*- and *E*-forms of the protonated bimerocyanines are thermally stable, at higher temperatures, e.g., 60 °C, the *Z*-form undergoes thermal isomerization to the *E*-form, specifically to the *Z,E* isomer (which is accessed directly by irradiation of the bispiropyran form) and the *E,E* isomer.

Conclusions {#sec4}
===========

Increasing the functionality of materials through responsive molecular components can be achieved through the use of so-called multiphotochromes, in which individual units are combined to access additional states and hence properties. Such complex molecular systems can also present new insight through the stabilization of species not observable in their simpler analogues. In the present case, the coupling of two spiropyrans through their photochromic unit simplifies the pH-gated photochromism of spiropyrans since the protonated *E*- and *Z*-isomers are both thermally stable. Unexpectedly, interactions in the coupled system provide noncommutable access to an otherwise inaccessible *E,E*-merocyanine state, through deprotonation of the *E,E*-biMCH~2~^2+^ isomer, formed photochemically or thermally from the *Z*,*Z*-biMCH~2~^2+^ form alone. The large spectral differences between the two species in the deprotonated state, in contrast with their similarity in the protonated state, show how sensitive intramolecular electronic interactions can be to protonation state and allows for the thermal and photochemical behavior of both to be studied providing insights into the reaction dynamics of merocyanines.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpca.0c02286](https://pubs.acs.org/doi/10.1021/acs.jpca.0c02286?goto=supporting-info).Additional ^1^H NMR; UV--vis absorption and emission spectroscopic data; details of synthesis and characterization ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02286/suppl_file/jp0c02286_si_001.pdf))

Supplementary Material
======================

###### 

jp0c02286_si_001.pdf

^§^ Center for Soft Nanoscience, Westfälische Wilhelms-Universität Münster, Busso-Peus-Straße 10, 48149 Münster, Germany.

The authors declare no competing financial interest.

Financial support was provided by The Netherlands Ministry of Education, Culture and Science (Gravity Program 024.001.035 to W.R.B.). This work used computational resources of the CCIPL center installed in Nantes.
